We demonstrate bleaching-independent STED microscopy using fluorogenic labels that reversibly bind to their target structure. A constant exchange of labels guarantees the removal of photobleached fluorophores and their replacement by intact fluorophores, thereby circumventing bleaching-related limitations of STED super-resolution imaging in fixed and living cells. Foremost, we achieve a constant labeling density and demonstrate a fluorescence signal for long and theoretically unlimited acquisition times. Using this concept, we demonstrate whole-cell, 3D, multi-color and live cell STED microscopy with up to 100 min acquisition time.
In single-molecule localization microscopy 6 , photobleaching can be bypassed using fluorophores that reversibly bind to their target structure, a concept that originally was realized in Point Accumulation for Imaging in Nanoscale Topography (PAINT) 7 . We repurposed this idea, and introduce bleachingindependent STED (biSTED) microscopy by using fluorophores that reversibly bind to and dynamically exchange from their target structure ( Figure 1a ). This procedure efficiently replaces fluorophores that were imaged and eventually photobleached by new and intact fluorophores. This concept requires fast exchange kinetics of the fluorophores and a sufficiently large reservoir of unbleached (intact) fluorophores. It must also ensure high-density labeling of the target structure.
We demonstrate bleaching-independent STED by implementing exchangeable fluorophores that were previously used in PAINT imaging 7 . We first investigated whether fluorogenic PAINT fluorophores can in principle be used for STED imaging, using the membrane stain Nile Red 7 and the DNA stain JF646-Hoechst 8 . We demonstrate sub-diffraction spatial resolution STED imaging with these exchangeable fluorophores in E. coli cells (Figure 1b) . In contrast to single-molecule PAINT imaging, where a low labeling density ensures the detection of single emitters, our concept requires higher concentrations of fluorophores in the buffer (~100 nM -1 µM) in order to ensure a constantly high labeling density despite the exchange dynamics.
Next, we investigated whether a constant and dynamic exchange of fluorophores occurs, which should enable multiple rounds of STED imaging of the same cell without any loss of fluorescence signal. For this purpose, we again chose E. coli cells as cellular test system for imaging, because of their small size and regular shape that facilitates quantitative intensity analysis. We recorded a sequence of STED images of the bacterial cell envelope using either the exchangeable label Nile Red, or the stationary label Alexa-Fluor 594-conjugated wheat germ agglutinin (WGA-AF594). The quantification of the fluorescence intensity over multiple imaging frames showed photobleaching for the stationary label, WGA-AF594, and a constant fluorescence signal for the exchangeable label, Nile Red ( Figure 1b) . We next recorded a sequence of STED images of the bacterial nucleoid, using either the exchangeable label JF646-Hoechst, or the same fluorophore, JF646, as stationary label targeting DNA through click labeling of EdU-treated cells 9 . Again, we observed photobleaching for the stationary label and a constant fluorescence signal for the exchangeable label (Figure 1b) . Under similar imaging conditions, photobleaching was also observed for ATTO647N ( Figure S1 ), a fluorophore that is sufficiently photostable to enable single-molecule STED imaging 10 . Notably, the labeling density that we observed for the stationary and the exchangeable labels appeared very similar, which demonstrates efficient high-density labeling. Note that the higher concentration of these exchangeable labels in the imaging buffer does not increase the background signal in STED experiments.
We next demonstrated super-resolution imaging of the bacterial nucleoid and envelope in two-color, Cells were labeled with both exchangeable fluorophores, Nile Red and JF646-Hoechst, simultaneously.
The 3D STED images clearly reveal the radial positioning of DNA (red hot) in proximity of the bacterial plasma membrane (green) (Figure 1d ), potentially mediated by coupling of transcription, translation and membrane insertion (transertion) of proteins 11 . We note that Nile Red and JF646-Hoechst allowed recording STED images using the same depletion laser (emitting at 775 nm), which simplifies the optical setup and image acquisition. Another advantage of these two exchangeable fluorophores is that no specific cellular treatment is needed (e.g. EdU incorporation for high-density labeling of DNA), further simplifying sample preparation and avoiding undesired stress for cells.
We next applied the exchangeable labels Nile Red and JF646-Hoechst to STED imaging of eukaryotic cells ( Figure 2) . First, we demonstrate two-color STED microscopy with sub-diffraction spatial Constant label-exchange is not only beneficial for 3D and live-cell measurements. It also allows a higher degree of optimization of imaging parameters for single-color high-resolution STED imaging in fixed specimen. This is limited if static labels are used, due to irreversible photobleaching affecting any STED image recorded with high irradiation intensities. By optimizing imaging parameters for the individual exchangeable labels, we were able to visualize intriguing structural details of mitochondria (Nile Red, Figure 2d , Figure S5 ) and mitotic chromosomes (JF646-Hoechst, Figure 2e ). While mitochondrial cristae membranes were previously investigated using electron microscopy (EM) and provided a high level of structural information 13 , they have to our knowledge not been resolved to a comparable level as shown in this work using fluorescence microscopy. As another example for optimized single-color STED in fixed cells, we visualized the mitotic chromosome in fixed HeLa cells using the exchangeable label JF646-Hoechst, followed by deconvolution of the resulting STED image (Figure 2e , Figure S6 ). The images show a grained chromosome structure (Figure 2e , i) and small DNA loops (Figure 2e , ii and iii). These key features of mitotic chromosomes are also known from EM studies 14 , but were just recently visualized by fluorescence microscopy using lattice light sheet-PAINT microscopy 8 .
In conclusion, we present a simple and powerful experimental protocol for bleaching-independent STED microscopy. Our approach builds on exchangeable fluorophores, which are commonly used for single-molecule localization microscopy. We demonstrate that exchangeable labels can achieve high labeling density, circumvent fluorophore bleaching and allow for whole-cell, multi-color and live cell STED imaging. This concept can be extended to other labels that reversibly bind to their target structure, and can be used in correlated light and electron microscopy 15, 16 , which opens many new application windows for STED microscopy. 
